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Increased ventilation of Antarctic deep water
during the warm mid-Pliocene
Zhongshi Zhang1,2,3, Kerim H. Nisancioglu1,2,4 & Ulysses S. Ninnemann1,2,4
The mid-Pliocene warm period is a recent warm geological period that shares similarities with
predictions of future climate. It is generally held the mid-Pliocene Atlantic Meridional
Overturning Circulation must have been stronger, to explain a weak Atlantic meridional d13C
gradient and large northern high-latitude warming. However, climate models do not simulate
such stronger Atlantic Meridional Overturning Circulation, when forced with mid-Pliocene
boundary conditions. Proxy reconstructions allow for an alternative scenario that the weak
d13C gradient can be explained by increased ventilation and reduced stratification in the
Southern Ocean. Here this alternative scenario is supported by simulations with the Nor-
wegian Earth System Model (NorESM-L), which simulate an intensified and slightly poleward
shifted wind field off Antarctica, giving enhanced ventilation and reduced stratification in the
Southern Ocean. Our findings challenge the prevailing theory and show how increased
Southern Ocean ventilation can reconcile existing model-data discrepancies about Atlantic
Meridional Overturning Circulation while explaining fundamental ocean features.
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T
he mid-Pliocene warm period (mPWP, 3.264–3.025 Ma)1
is known as the most recent period in the Earth’s history
when global average temperature was 2–3 C warmer2–4,
and estimations suggest global sea level was from 10 to 45 m (refs
5,6) above present level. These reconstructed warm temperatures
of the mPWP are within the range of the Intergovernmental
Panel on Climate Change projections of global temperature
increases for the 21st century7. Furthermore, topography and
bathymetry at the mid-Pliocene are similar to today. Thus,
mPWP climate has frequently been discussed as an analogue for
the long-term fate of the climate system, if the current levels of
atmospheric greenhouse gas emissions are maintained2.
It is widely held that a stronger Atlantic Meridional Over-
turning Circulation (AMOC) with increased production of North
Atlantic Deep Water (NADW) existed in the mPWP3,4,8,9,
relative to the late Quaternary. Increased AMOC is thought to
cause a weak meridional d13C gradient in the Atlantic Ocean
during the mPWP8–10, as well as a significant warming in the
high latitudes of the North Atlantic3,4.
However, early climate models did not simulate a stronger
AMOC when forced with Pliocene boundary conditions. Instead,
coupled climate models forced with high atmospheric CO2 levels
simulated a weaker AMOC11. More recent coupled climate model
studies with improved mid-Pliocene boundary conditions from
the Pliocene Research Interpretation and Synoptic Mapping
(PRISM)3,4 project still simulate a weak AMOC12,13. Although
the model-data discrepancy in North Atlantic sea surface
temperature (SST) is reduced in these simulations12,13, the
model-data discrepancy in AMOC remains.
Here we further investigate the reason for the apparent mPWP
model-data discrepancies. Using the d13C compilation by Hodell
and Venz10 and the PRISM SST reconstructed by Dowsett et al.,3
we begin by evaluating whether the two main observations argued
to support the notion of a stronger AMOC during the mPWP—a
weak Atlantic meridional d13C gradient and warming in the
high-latitude North Atlantic—actually necessitate increased
AMOC. We then compare available proxy data with a new
mid-Pliocene experiment (see Method and Supplementary
Methods) carried out with a state-of-the-art earth system
model, the low-resolution version of the Norwegian Earth
System Model (NorESM-L)14.
Results
The weak Atlantic meridional d13C gradient in the mPWP.
One possibility for reconciling the weak mPWP meridional d13C
gradient in the Atlantic8–10 (Fig. 1a) with simulations of a
reduced AMOC12,13 is that the import of relatively young (high
d13C) northern source deep water (NSW, for example, NADW)
increased, despite little change in total overturning. Although this
explanation is commonly invoked in paleoceanographic
literature3,4,8,9, it is still at odds with existing data and
simulations. Proxy evidence suggests that the physical property
gradients (benthic foraminiferal d18O) between deep waters in the
North (Deep Sea Drilling Project (DSDP) Site 607) and South
Atlantic/Southern Ocean (Ocean Drilling Program (ODP) Site
1090/704) were maintained or even increased in the mPWP10
(Fig. 1b). The increased deep water density (benthic d18O)
gradient between the North and South Atlantic/Southern Ocean
is at odds with the idea that a common water mass influences
both of these regions. Furthermore, the large increases in
Southern Ocean/South Atlantic d13C do not occur at mid-
depths10 (ODP Site 1088, where NADW enters the Southern
Ocean) where changes in NADW flux should have the largest
effects15. Instead, the largest changes occur deeper, at depths
occupied by southern source water (SSW)10,16. Existing mid-
Pliocene simulations12,13 appear consistent with this picture and
do not show an increased export of deep water to the Southern




































































































Figure 1 | Benthic foraminiferal d13C with comparison to simulated sea water ages. (a) Compiled and smoothed benthic foraminiferal d13C records in the
Atlantic by Hodell and Venz10, according to the d13C records from ODP Sites 982 (refs 10, 16, 19), 1088 (ref. 10), 1090/704 (refs 10, 16), 849 (ref. 21) and
DSDP Site 607 (refs 10, 20). The d13C data of Site 982 between 5 and 3 Ma are unpublished data from Raymo, but firstly appear in Hodell and Venz10.
(b) Smoothed benthic foraminiferal d18O records10 at Site 607 and Site 1090/704, plotted against the LR04 benthic d18O stack33. Site 1090/704 shows
the composited data from Sites 1090 and 704 (ref. 10). For the mPWP, only Site 704 includes d13C and d18O. (c) Sea water ages (years) simulated at Sites
982, 607, 1088, 1090 and 704, red for the pre-industrial, and blue for the mid-Pliocene experiment. The numbers show the ages (years). (d) Age
anomalies of Atlantic sea water (years). Sites 982, 607, 1088, 1090 and 704 are plotted according to latitude and depth.
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Hence, we propose an alternative explanation that increased
ventilation by SSW, rather than NSW, drives the observed
changes in mPWP d13C. A number of lines of evidence support
enhanced ventilation and a weakly stratified17,18 Southern Ocean/
South Atlantic during the warm low-seaice conditions of the
mPWP relative to the late Quaternary. Hodell and Venz10 argued
that the large mPWP d13C increase at deep Southern Ocean/
South Atlantic Site 1090/704, and decreased Atlantic meridional
d13C gradient, could have been driven by increased input of high
d13C (young) SSW. In addition, they found a low vertical d13C
gradient, consistent with a weak vertical stratification17,18 and
increased deep ventilation in the Southern Ocean/South Atlantic
during the mPWP. Together with the increased ventilation, the
reduced sea ice cover17,18 during the mPWP would have
enhanced gas exchange and nutrient utilization relative to the
late Quaternary, raising the preformed d13C in deep water source
regions10. Indeed, the d13C of the deep Southern Ocean/South
Atlantic10,16 changes much more than North Atlantic10,16,19,20 or
Pacific21 deep water values, also consistent with deep water
changes that originate in the Southern Ocean.
Seen in this way, the low meridional d13C gradient in the
Atlantic is not evidence for a stronger mPWP AMOC. Rather, it
is mainly caused by the high d13C values from the well-ventilated
and weakly stratified Southern Ocean/South Atlantic. As
ventilation is reduced following the mPWP, a fundamental
mode change in deep water formation occurs leading to the
development of vertical10 and interbasinal22 gradients in
Southern Ocean deep water properties.
To further test the hypothesis of a well-ventilated and weakly
stratified mPWP Southern Ocean/South Atlantic, we compare the
benthic foraminifera d13C with the simulated water age in our
experiments, as there is a good relationship between d13C and
water mass age in the ocean23. In the NorESM-L, an ideal age
tracer is included to calculate water age—the time elapsed since a
water parcel is in direct contact with the sea surface.
Changes in simulated water ages closely mimic the excursion
trend of benthic foraminifera d13C changes in the Atlantic since
the mPWP (Fig. 1). In the mPWP there is little change in either
measured d13C or simulated ages at intermediate ocean depths
(ODP Site 982) (refs 10, 16, 19) of the North Atlantic. In regions
where NADW is prominent today, such as the deep North
Atlantic (Site 607) and mid-depth Southern Ocean (Site 1088),
d13C values show a weakly negative excursion trend since the
mPWP10,20, corresponding to simulated water ages being slightly
younger in the mid-Pliocene experiment. By contrast to the
relatively small changes in North Atlantic and intermediate
ocean, deep water d13C values in the Southern Ocean/South
Atlantic (Site 1090/704) show a significant trend towards lower
values since the mPWP10,16. Consistent with this, simulated water
ages are significantly younger at these sites in our mid-Pliocene
experiment. Thus, both the d13C data and our simulations show
that the largest changes in the mPWP occur in the deep Southern
Ocean/South Atlantic.
The consistency between changes in deep water d13C (in proxy
records) and water mass age (in the simulations) is not surprising.
The d13CDIC in the modern deep ocean is well correlated with
water mass age23 (Supplementary information) because newly
formed (young) low-nutrient deep water has high d13C values,
which decrease with age due to mixing and the gradual
respiration of low d13C organic matter. What is more
surprising is that this model-data consistency, in particular, the
large decrease in Southern Ocean deep water ages, is
accomplished without a significantly intensified AMOC. In our
simulations, although the maximum overturning stream function
is slightly larger in the mid-Pliocene experiment (23.4 Sv versus
21.8 Sv), the AMOC cell becomes shallower (Fig. 2a). Thus,
despite a decrease and shoaling of Atlantic overturning, there is
an increased amount of young water in the deep part of the
Southern Ocean/South Atlantic in the mid-Pliocene experiment.
Our simulations are consistent with an increased role for the
Southern Ocean/South Atlantic in deep ocean ventilation during
the mPWP. The low vertical temperature and salinity gradients
(weak stratification, Supplementary Figs S6 and S7) in the mid-
Pliocene experiment, agree with proxy reconstructions showing a
weakly stratified Southern Ocean/South Atlantic in the mid-
Pliocene17,18. Accompanying the weak stratification, ventilation is
intensified in the Southern Ocean/South Atlantic (Fig. 3). In the
mid-Pliocene experiment, due to the smaller Antarctic ice-sheet24
(though the extent of the ice-sheet is debated5,6,24), sea level
pressure along the coast of Antarctica decreases and the wind
stress strengthens and shifts poleward over the Southern Ocean/
South Atlantic. As a result, easterlies along the coast of Antarctica
strengthen as well as westerlies over the Antarctic Circumpolar
Current (ACC) region (Supplementary Fig. S1). The importance
of wind stress in ventilating the Southern Ocean is well docu-
mented25,26. In our mid-Pliocene simulation the strengthened
easterlies drive increased Ekman convergence along the coast of
Antarctica. Together with a significantly reduced mPWP sea ice
cover in the mid-Pliocene experiment (Supplementary Fig. S2),
the increased Ekman convergence causes enhanced downwelling
of well-ventilated and relatively young surface water along the
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Figure 2 | Simulated AMOC and ocean heat transport in the Atlantic.
(a) Overturning stream function (Sv) simulated in the pre-industrial
experiment (grey contours) and the difference between the mid-Pliocene
experiment and the pre-industrial experiment (shaded areas). (b) Atlantic
ocean northward heat transport (PW) simulated in the mid-Pliocene (blue)
and the pre-industrial experiment (red).
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Ocean/South Atlantic (Supplementary Figs S3–S5). The efficient
renewal of deep water (B2–4 km) in the mid-Pliocene
experiment (relative to the pre-industrial) is consistent with the
increased input of relatively young and high d13C waters to the
deep Southern Ocean/South Atlantic during the mPWP10.
The warming in the high-latitude North Atlantic. Other evi-
dence used to support an intensified AMOC and stronger
northward ocean heat transport in the mPWP is the recon-
structed high SST in the northern high latitudes3,4,8. The PRISM3
reconstruction3 shows that the SST in the central part of the high-
latitude North Atlantic increases by 7 C in February, and by
10 C in August in the mPWP, relative to modern. Such warming
is also demonstrated by other SST reconstructions27,28
independent to PRISM3. In our mid-Pliocene experiment, the
simulated warming is equivalent in scale to the SST changes
reconstructed by PRISM3 in the Atlantic (Fig. 4a). In the high-
latitude North Atlantic, annual mean SST increases by 7 C. The
simulated spatial pattern of warming is shifted compared with the
reconstructions for the North Atlantic (Fig. 4b). This spatial
discrepancy could be due to uncertainties in the proxy
reconstructions, or changes in the simulated surface ocean
circulation. Considering the potential uncertainties in the
reconstructions, our simulations agree reasonably with the
PRISM3 reconstructions on drilling sites in the North Atlantic.
Although the scale of our simulated North Atlantic warming is as
large as in the proxy reconstructions, the total northward ocean
heat transport in the Atlantic is reduced (Fig. 2b). Therefore, the
simulated warm surface temperatures at high latitudes of the
North Atlantic cannot be simply attributed to changes in
meridional overturning and heat transport by the ocean.
Seen in this way, observations of strong high-latitude warming
are not sufficient to constrain the strength of the AMOC. Our
simulation provides a clear example of a strong surface warming
in the North Atlantic without intensified northward ocean heat
transport. More likely candidates29 to account for the observed
amplification of warming at high latitudes in the mPWP are the
direct radiative effect of increased greenhouse gas levels, and a
significant decrease in the size and topography of the Greenland
ice sheet.
Discussion
Our study demonstrates that neither an increase in AMOC nor in
the export of NSW to the Southern Ocean is necessary to explain
the weak mPWP d13C gradient. Instead, we suggest that mPWP
deep ocean d13C changes are driven mainly by increased
preformed d13C values in the deep waters originating in the
well-ventilated and weakly stratified Southern Ocean. In our
simulations, the increased ventilation in the mPWP Southern
Ocean/South Atlantic is maintained by a strengthening of the
zonal wind stress over the Southern Ocean and an increase
of Ekman convergence near Antarctica. Furthermore, our
mid-Pliocene simulation also provides a counter example,
demonstrating that increased AMOC and intensified northward
ocean heat transport by overturning are unnecessary to explain
the magnitude of reconstructed high-latitude North Atlantic
warming3. Thus, our simulations successfully explain the two
main observations used to argue for an increased AMOC—but
without increased AMOC.
Our experiments offer new insights into fundamental changes
between mPWP and late Quaternary climate, which are testable
with further proxy and modelling studies. In particular, the model
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Figure 4 | Comparison between PRISM and simulated Atlantic SST.
(a) Simulated zonal mean annual Atlantic SST anomalies (C) between
the mid-Pliocene and the pre-industrial experiment, compared with SST
anomalies at ocean drilling sites between PRISM Pliocene SST
reconstructed by Dowsett et al.3 and 1870–1900 HadiSST34. The bold black
line is the simulated zonal mean anomaly, and the blue area shows the
maximum (max.) and minimum (min.) zonal anomalies. (b) Simulated
annual mean SST anomalies, compared with reconstructed annual mean
SST anomalies (circles) from available PRISM3 sites3 in the North Atlantic.
The reconstructed annual mean anomalies are the average of February and
August PRISM3 values. PRISM3 includes reconstruction for 40 sites in the
Atlantic. In these 40 sites, 32 sites have both February and August
temperature estimates. Reconstructions without both February and August
temperature estimates in the PRISM3 SST data set are not used here. Thus,
in the North Atlantic map (b), ODP Sites 907, 909 and 911are not included.
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Figure 3 | Southern Ocean/South Atlantic dynamics during the mPWP.
The schematic figure illustrates simulated changes in zonal mean surface
winds as well as the wind-driven ocean circulation in the mid-Pliocene
experiment. The position of ACC and winds represents the mean situation
of the ocean dynamics in the mid-Pliocene. The bold texts show the
changes between the mid-Pliocene and the pre-industrial.
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dependency of the response to Southern Ocean wind
stress changes should be assessed, as well as the impact of
different orbital forcing, ocean bathymetry and Antarctic ice
sheet configurations. Along these lines, more Pliocene time
slices or transient modelling could be used to determine
whether the increased ventilation mode is unique to the
mPWP or applies more generally to the Pliocene Southern
Ocean/South Atlantic—how should the deep ventilation vary
with evolving surface properties and sea ice in the
Southern Ocean/South Atlantic portrayed by proxy data.
Finally, as the deep water density (benthic d18O) gradient was
more prominent during the mid-Pliocene (Fig. 1b), proxy
constraints on deep water physical properties (temperature
and salinity) could be crucial for model-data comparisons,
elucidating the various sources and formation processes of
Pliocene deep water.
Our results also highlight the widespread impact of Southern
Ocean warming and associated sea ice retreat on the global ocean
during the mPWP. For example, increased ventilation and
reduced stratification in the Southern Ocean/South Atlantic
could help explain high atmospheric CO2 levels in the mPWP, by
allowing greater venting of CO2 from the deep ocean10,17. In our
experiments, high atmospheric CO2 levels played a more
important role than ocean heat transport and AMOC in
accounting for the high-latitude warming during the mPWP.
Likewise, our simulations agree well with the productivity
indicators17,18 and the changes in the intermediate-to-deep
d13C gradient10, which demonstrate that a major shift in
Southern Ocean stratification happened since the mPWP.
Finally, mid-Pliocene changes in global ocean productivity,
upwelling and nutrient cycling pathways30 have all been linked
to Southern Ocean circulation changes. Taken together, our
results suggest that increased Southern Ocean ventilation can
explain many of the differences in the mid-Pliocene ocean, and
may be an important harbinger for understanding the
consequences of a warmer ocean.
Method
Experimental setup. The mid-Pliocene experiment and the pre-industrial control
experiment presented in this study are configured following the Pliocene Model
Intercomparison Project (PlioMIP) experimental guidelines24. The mid-Pliocene
experiment represents the peak warm period (3.264–3.025 Ma) (ref. 1) in the
mid-Pliocene.
In the experiments, atmospheric CO2 levels are set to 405 ppmv for the
mid-Pliocene, and 280 ppmv for the pre-industrial. The mid-Pliocene topography
and vegetation conditions4 reconstructed by the PRISM project are used as
boundary conditions in the mid-Pliocene experiment. The pre-industrial and the
mid-Pliocene experiment are initialized with identical initial temperature and
salinity, and integrated for 1,500 model years. The simulated sea water ages
indicate the 1,500-year integrations are long enough for the Atlantic section to
reach equilibrium in the pre-industrial and the mid-Pliocene experiment.
More details about the model and boundary conditions have been described in the
references 14,31,32 and also in the Supplementary Methods of this article.
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